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ABSTRACT  
   
The use of solar energy to produce power has increased substantially in the past few 
decades. In an attempt to provide uninterrupted solar power, production plants may find themselves 
having to operate the systems at temperatures higher than the operational capacity of the materials 
used in many of their components, which affects the microstructural and mechanical properties of 
those material. Failures in components that have been exposed to these excessive temperatures 
have been observed during operations in the turbine used by AORA Solar Ltd. A particular 
component of interest was made of a material similar to the Ni-based superalloy Inconel 718 (IN 
718), which was observed to have damage that is believed to have been initiated by Foreign Object 
Damage (FOD) and worsened by the high temperatures in the turbine. The potential links among 
the observed failure, FOD and the high temperatures of operation are investigated in this study. 
IN718 is a precipitation hardened nickel superalloy with resistance to oxidation and ability to 
withstand high stresses over a wide range of temperatures. Several studies have been conducted 
to understand IN 718 tensile and fatigue properties at elevated temperatures (600- 950°C). 
However, this study focuses on understanding the behavior of IN718 with FOD induced by a stream 
of 50 μm Alumina particles at a velocity of 200 m/s under high cycle fatigue at an elevated 
temperature of 1050 °C. Tensile tests were conducted for both as-received and heat treated (1050 
°C in air for 8hrs) samples at room temperature and 1050 °C. Fatigue tests were performed at heat 
treated samples at 1050 °C for samples with and without ablation. The test conditions were as 
similar as possible to the conditions in the AORA turbine. The results of the study provide an insight 
into tensile properties, fatigue properties and FOD. The results indicated a reduction in fatigue life 
for the samples with ablation damage, where crack nucleation occurred either at the edge or inside 
the ablation region and multisite cracking was observed under far field stresses that were the same 
than for pristine samples, which showed single cracks. Fracture surfaces indicate intergranular 
fracture, with the presence of secondary cracks and a lack of typical fatigue features, e.g., beach 
marks which was attributed to environmental effects and creep. 
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CHAPTER 1 
INTRODUCTION 
1.1 Solar Power 
Energy and its limited availability has opened several opportunities for research in the past 
few decades. In the recent years, the increasing need for reduction in greenhouse gases and 
promotion of sustainability has boosted the usage of renewable energy sources like solar, wind 
and biomass [3]. For this study, solar power plants are of special interest as the motivation is 
derived from AORA, a solar power generating company. AORA’s system aims at providing 
uninterrupted electric power for entire day-night cycles by using a hybrid technology with energy 
derived from solar and fuel [4]. The storage of solar energy and availability of alternative fuel in the 
absence of the sun play a crucial role in ensuring continuous power supply to meet the increasing 
demands.  
 
1.1.1 Concentrating Solar Power 
Among the solar power generation options, the most common type is 
Concentrating Solar Power (CSP) as it is can be easily integrated with Thermal Energy Storage 
(TES) [1,3]. CSP technology commonly works on the principle of heating the heat transfer fluid 
(HTF) using direct concentrated solar radiation in order to produce steam from another fluid that 
runs the turbine [4]. However, in the AORA system, the working fluid for the turbine-air is directly 
heated using solar energy. There are four types of CSP that are used for energy generation: (i) 
Parabolic trough, (ii) Solar tower, (iii) Linear Fresnel and (iv) Dish-Stirling [5]. Although CSP is 
efficient, there have been persistent attempts to increase the efficiency and energy output. These 
attempts entail the need for hybridization with an alternative fuel system [6], higher temperature 
operations and better structural materials. A thorough understanding of the parts and working of 
the CSP solar tower can aid in understanding the technology as used in the case of AORA.  
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1.1.2 CSP Working Principles 
There are several parts in a solar tower for a CSP system [7], which work together to 
harness solar energy and provide efficient and usable electrical energy. AORA’s solar tower setup 
in Almeria, Spain is shown in Fig. 1.  
 
Fig. 1: AORA’s solar tower CSP at Almeria, Spain [4]. 
 
The schematic of this type of CSP, as seen in Fig. 2, is crucial in understanding its parts, 
working and requirements in terms of power generated, materials and operating conditions.  
 
Fig 2: Solar tower CSP setup. 
The roles and importance of each of these parts are discussed below: 
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Heliostats : It is a type of concentrator that has dual-axis control and consists of a flat or 
slightly curved mirror that reflects sunlight onto the solar tower receiver [8]. Several heliostats are 
used in a single solar tower CSP setup to harness more solar energy and produce electricity.  
Solar receiver: It is the site for conversion of solar energy to thermal energy. Based on the 
type of concentrator, temperature and other factors, there are two types of receivers: (a) Indirectly 
irradiated and (b) Directly radiated (volumetric) [9]. The latter type of receiver is utilized in the solar 
tower CSP where heat from the radiation is transferred directly to a working fluid via an absorber 
[9]. Absorbers can be metallic or ceramic and are designed to withstand high temperature thermal 
stresses and shocks [9]. The absorbers used in the AORA system are ceramic.  
High Temperature Fluid (HTF): These are fluids used to take the energy from the tower to 
the turbine. Most common HTF’s include air, water and molten salts [8].  
Turbine: In a CSP, a compact yet powerful version of a turbine, a microturbine, is used for 
the final energy conversion (from thermal energy to electric energy) at a solar plant. The functioning 
and components of the microturbine are of special interest to this study and are discussed in more 
detail in the following section.  
 
1.2 Microturbine  
Microturbines are mainly composed of a compressor, turbine, recuperator (internal heat-
recovery heat exchanger), combustor and bearings [8,9]. The main parts of a microturbine, similar 
to the one used by AORA, can be seen in Figure 3.  
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Figure 3: Parts of a microturbine [12]. 
 
The working of a microturbine is similar to that of a conventional gas turbine, based on the 
Brayton cycle where combustion happens at constant pressure [10]. The process in a microturbine 
can be expressed in the following 5 steps:  
a) Air entering through the intake is compressed by the compressor 
b) This air is preheated by the recuperator. 
c) Fuel and the heated air are combined and ignited in the combustor 
d) The hot gases from the previous step are expelled to the turbine section causing 
rotation 
e) The mechanical energy from the rotation is converted to useful electric energy 
transferred to the electric grid [10].  
The process is diagrammatically represented in Figure 4.  
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Figure 4: Working of a microturbine [10]. 
 
As in most gas turbines, in a microturbine, a higher efficiency can be achieved by operation 
at the highest practically feasible temperature[11]. Although a useful property, this raises a demand 
for better materials with improved mechanical properties. In order to meet these demands, 
superalloys have found extensive use in the area of solar power generation. One such superalloy 
is Inconel 718 (IN718), which is quite similar to the alloys used in microturbine rotor and stators 
and will be used in this study to evaluate microstructural and mechanical behavior as well as foreign 
object damage (FOD), at high temperature. This material and its properties will be discussed further 
in Chapter 2.  
 
1.3 Motivation 
The general inlet temperature for a microturbine is limited to 954.4 ºC [11], however in the 
AORA system the microturbine is exposed to temperatures beyond this limit. In their system, the 
working fluid (air) is heated over 1000 ºC and in the solar-only mode, the rotor is exposed to about 
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1050 ºC.  The high temperature along with continuous mechanical cycling leads to the debris from 
the ceramic components which impact the microturbine components at high velocities, thereby 
causing foreign object damage. With the turbine speed of approximately 70,000 RPM, the debris 
can impact at relative velocities as high as 500 m/s between the debris and turbine. These high 
temperature damages required material and mechanical analysis of IN 718 and serve as the main 
motivation for this study. The following concerns are aimed to be solved through this study:  
a) Are the damages in the turbine originating from erosion-corrosion or creep-fatigue 
enhanced by foreign object damage (FOD)?  
b) Is the current setup of AORA feasible with the material in use under the operating 
conditions? 
c) How does the material behave at the operating temperatures and mechanical conditions? 
How can the material performance be improved? 
In order to address the above concerns, microstructural and mechanical properties of IN 
718 will be discussed in the next chapter.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Inconel 718  
 A member of the Ni-Cr superalloys family, IN 718 is a relatively new alloy that has found 
many uses in turbines and other demanding applications in the aerospace and nuclear industries 
due to its compatibility with several manufacturing processes [11,12]. As a superalloy, IN 718 can 
withstand high stresses (tensile, fatigue and creep) and oxidation over a wide range of 
temperatures. The operational temperature range for the alloy lies between -252 ºC and 704 ºC 
[13]. However, turbines used by AORA have operational temperatures of up to 1050 ºC in the solar-
only operation mode. The properties are achieved by an alloy of Ni rich matrix with elements such 
as Cr, Fe and Ti and many others in a minority. The presence of Al, Ti and Nb leads to precipitates 
that harden through 𝛾’(Ni3[Ti,Al]), 𝛾” (Ni3[Nb,Al,Ti]) and δ (Ni3Nb) having solvus temperatures of  
about 850 ºC, 940 ºC and 1025 ºC, respectively (Figure 5) [15]. The phase diagrams for Ni with Ti, 
Al and Nb are shown in figures 6 [16], figure 7 [17] and figure 8 [18], respectively.  
 
 
Figure 5: Precipitates and their solvus temperatures [15]. 
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Figure 6: Ni-Ti phase diagram [16]. 
 
Figure 7: Ni-Al phase diagram [17]. 
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Figure 8: Ni-Nb phase diagram [18] 
 
The presence of the secondary phases is crucial to understanding the microstructural 
changes following heat treatments, which subsequently affect the mechanical properties and 
performance of the material in operation. The metallurgy and mechanical behaviour of this material 
will be discussed in the following section. 
 
2.2 Metallurgy and Microstructure 
The metallurgical and microstructural behavior and properties are crucial in understanding 
the overall behavior of materials under different testing the conditions. The chemical composition 
[17,18] of the IN 718 sheet used in this study is seen in Table 1 [20].  
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Element  Ni Fe Cr Cb+Ta Ti Mo Al C B Mn Si Cu 
Min. 52.0 19.0 18.0 5.0 0.9 3.0 0.5 0.05 0.009 - - - 
Max. Bal. - - - - - - - - 0.35 0.35 0.1 
Table 1: Chemical composition of IN 718 [20]. 
 
The Ni matrix is strengthened by different precipitates with varying morphologies like block-
shaped carbides, needle-shaped δ particles along with  cubic 𝛾’ particles and disk-shaped 𝛾’’ 
particles [19,20]. The δ phase plays an important role on controlling the grain size through a strong 
pinning effect [23]. In order to understand the change in shape of the precipitates and its effect on 
tensile and fatigue properties, heat treatment at appropriate conditions is pivotal.  Heat treatment 
temperature and cooling regimes are designed based on the mechanical or microstructural 
requirements of a test or application. The heat treatment regime determines the phases and their 
sizes after the completion of the treatment which can be determined using relevant phase 
diagrams. In this study, the heat treatment was done above the δ solvus temperature (1025 ºC) to 
induce precipitation and increase grain size. The exact heat treatment process and its effects will 
be discussed in Chapter 4. The difference in heat treatment temperatures can also be seen in 
literature. For example, a study observed dissolution of all phases of IN 718 heat treated at 1040 
ºC for an hour. However, the same was not observed at a temperature of 720 ºC (below solvus) 
[21]. The difference in the conventionally aged (720ºC/ 8h- furnace cooled to 621 ºC/8h- air cooled) 
and δ-free (1040ºC/1h) samples can be seen in figure 9. 
 
 11   
 
 
Figure 9: SEM images (a) Conventionally aged IN 718; (b) δ-free IN 718 [21]. 
 
IN 718 has several primary carbides such as MC, M23C6 and M6C (where M can be Nb, 
Cr or Mo) that prevent grain boundary sliding as it is harder and more brittle than the alloy [24]. 
Besides this role, carbides also allow stress relaxation, induce phase stability and provide strength 
in the absence of 𝛾’ phase [25]. The size of precipitates varies with heat treatment thereby affecting 
the morphology and mechanical properties of the alloy. The size change and its effects will be 
discussed in later sections.  
 
2.3 Mechanical properties 
IN 718 exhibits exceptional tensile and creep-rupture properties up to a temperature of 740 
ºC. Utilizing this alloy above these temperatures, as in the AORA system can lead to change in 
these properties and may not provide the expected performance. Table 2 lists basic material 
properties at different temperatures for a ½” bar stock sample [26].    
 
 12   
 
 
Table 2: IN 718 Mechanical properties [26]. 
 
2.3.1 Tensile Properties 
Tensile properties such as yield strength, modulus of elasticity and ultimate 
strength can be determined from tensile tests. The tensile properties of material are dependent on 
temperature, load, gauge length and the type of material. In the case of IN 718, literature indicates 
the dependence of its mechanical behavior on the microstructure, precipitate content and 
temperature. 
In a study by Wang et al. [27], tensile behaviour of solution treated (30 min at 1100 ºC) IN 
718 was observed up to a temperature of 1050 ºC. The study indicates, a reduction in flow stress 
was observed with increasing temperature and decreasing strain rate (at 980 ºC). In case of 
increasing temperature (Figure 10), rapid hardening was seen followed by work softening at a small 
strain and then a gradual change until fracture. In case of varying strain rates (Figure 11), the lower 
strain rate exhibited oscillations as a result of dynamic recrystallization, dynamic strain aging and 
flow localization.  
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Figure 10: Tensile stress-strain curves for IN 718 at different temperatures and strain rate 0.01 s-
1 [27]. 
 
Figure 11: Effect of strain rate on stress-strain curves of IN 718 at 980 ºC [27]. 
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Similar serrated flows were observed between 950 ºC and 1050 ºC but the exact 
mechanisms for the oscillations could not be determined only through the stress strain curves. The 
microstructure of the samples at different temperatures at strain rate 5x10-4 s-1 were seen to be 
significantly different and can be seen in Figure 12.  At 950 ºC, needle shaped precipitates (δ 
phase) are seen and at 980 ºC small recrystallized grains appeared along the grain boundaries. 
The undissolved particles in the latter case were considered as potential nucleation sites. Also, in 
[28] it was noted that certain sizes and densities of precipitates can obstruct intergranular crack 
propagation. This may lead to the zigzag growth of cracks in the alloy. In [27] an increase in 
elongation was observed at 980 ºC as the undissolved precipitates which can relax the stress 
concentration at the grain boundaries. In the sample at 1000 ºC, recrystallized grains are reduced 
but still seen as the solvus temperature (1038 ºC) is not achieved. At 1050 ºC, there was evident 
dynamic recrystallization and coarsening of grains leading to equal or lesser elongation than at 980 
ºC. 
 
Figure 12: Microstructure of IN 718 at 5x10-4 s-1 : (a) 950 ºC, (b,c) 980 ºC, (d) 1000 ºC, and (e) 
1050 ºC [27]. 
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Another study by Zhang et al. [23] , at room temperature observed the growth of cracks in 
a zigzag manner. This could be due to the presence of precipitates (δ phase) at the grain 
boundaries as mentioned earlier. The study thereby supports the need for the dissolution and 
precipitation of this phase by appropriate heat treatment. The crack growth in the study was due to 
dislocation movement and slipping. These dislocations are pinned in the vicinity of δ particles and 
a pile of these can lead to tensile failure. However, the presence of large δ particles can impede 
dislocation slipping. With controlled heat treatments, the size of these precipitates can be increased 
to provide maximum solution strengthening. The tensile behavior of samples with different levels 
of δ particles can be shown in figure 13. Although the plot was reported as true stress-true strain, 
the procedure and calculations involved in the process were not mentioned. Tensile tests 
performed in the same study [23] at 950 ºC with heat treated samples observed that the samples 
exhibited elastic deformation and then a uniform plastic deformation following the yield point. The 
former stage (elastic region) is in agreement with Hooke’s law stating:   
σ=Eε (1) 
where σ  is stress, E is Young’s modulus and ε is strain. 
Stress and strain in the plastic deformation followed the Hollomon equation [23]: 
σ=Kεn (2) 
where σ is stress, K is strength factor, ε is strain and n is strain hardening exponent.  
 
Figure 13: Stress-strain curves of heat treated IN 718 samples with different δ contents [23]. 
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It was also observed that different heat treatments resulting in different precipitate 
morphologies led to varied tensile behavior. Preferential tensile deformation was observed in 𝛾 
phases as compared to the hard, brittle δ phase. This is seen in the increasing values of n in the 
Hollomon equation which is related to the increase in dislocation pile ups for increased δ phase 
particles. The dislocations lead to deformation of δ particles at increased strains. Another important 
observation is that there is an inverse relation between plasticity(elongation) and presence of δ 
particles [23]. Besides the tensile behavior, creep and fatigue play a major role in components of 
turbines like at AORA. These will be discussed in the next section.   
 
2.3.2 Creep Properties 
Creep is defined as material deformation at a slow rate. Under a constant stress 
and temperature, creep strain rate is constant and as stress and temperature increase, the material 
eventually fractures [29]. Higher temperatures allow creep to supercede fatigue as a reason for 
material failure and hence it is important to use the alloy within its operational temperature range. 
Table 3 shows the creep rupture properties for IN 718. Although IN 718 creep properties are studied 
under temperatures less than 760 ºC, this study investigates the creep-fatigue behaviour at 1050 
ºC as per the operation temperature at AORA. The literature for this temperature condition is very 
limited as the alloy is not generally used in the conditions as the AORA systems. 
 
Table 3: Stress rupture for IN 718 at different conditions [26]. 
 17   
 
Creep mechanisms are a function of several factors including temperature, stress and 
activation energy. Steady-state creep strain rate can be mathematically expressed through the 
Dorn equation 3 [22]; 
 (3) 
where έss is the steady-state creep strain rate, A is a constant, D0 is a pre-exponential 
factor, Qa is apparent activation energy, R is the gas constant, T is the temperature, μ is shear 
modulus, b is the Burger’s vector, k is the Boltzmann constant, σa is the applied stress and na is 
the stress exponent. For IN 718, with the presence of different precipitates, equation 3 can be 
simplified to equation 4;  
  (4) 
where σa-σo is the effective stress and ne is effective stress component [22][28][30]. The 
σo is the backstress, an internal stress opposing dislocation. In IN 718 and other multiphase alloys. 
the backstress is a result of strengthening precipitates.  
In alloys, the size of particles plays a pivotal role in high temperature creep. Precipitates 
provide strength through interaction with dislocations or load transfer when their size is either very 
large (beyond 50 μm) or very small (below 100 nm) [28]. Besides the size, the density of these 
precipitates also affects the creep properties. In creep tests conducted at 625 ºC by Chen and 
Chaturvedi [28], it was observed that with an increase in the precipitate density (<45%) there is a 
decrease in rupture time as well as total creep strain. It was also observed in SEM characterization 
that high density of δ phase particles at grain boundaries controlled the fracture through growing 
cavities and grain boundary sliding. With lesser density, the precipitates can prove to be helpful in 
reducing grain boundary sliding. In high temperature conditions creep and fatigue are observed to 
have a simultaneous effect, which will be further discussed in the next section.  
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2.3.3 Fatigue properties 
As a component of a turbine in a CSP system, IN 718 experiences high 
temperature fatigue besides creep and foreign object damage. According to the ASM Handbook 
[31], fatigue is defined as the localized, progressive and permanent structural change in a material 
that is under a cyclic load causing repetitive strains at stresses with amplitudes under the material’s 
static yield strength. The stresses comparative to the service-related cyclic stress is conventionally 
indicated by load ratio (R) which is the ratio of minimum load to the maximum load [32]. When R=-
1, it indicates purely alternating load with tension and compression. The fatigue life of a material, 
governed by Δεin under pure fatigue condition (caused by time-independent inelastic deformation) 
is expressed through the Manson-Coffin relation [33]: 
Δεin=a(Nf)b (5) 
where Δεin is the inelastic strain, a and b are constants and Nf is the cycles to failure. The 
constant b is dependent on the type material. However, under practical conditions where fatigue 
life for a particular strain range or stress range is required, the above equation can be replaced by 
Basquin relation: 
Δεel=c(Nf)d (6) 
where Δεel is the elastic strain, c and d are constants. c is approximately proportional to the 
ratio of ultimate tensile strength and elastic modulus [33]. Basquin equation is also expressed as 
[34]:  
Sa=A (N)b  (7) 
Where Sa is applied alternating stress, A and b are coefficients indicating value of Sa at 
one cycle and slope of S-N curve, respectively. The above three equations are equivalent for low 
stress conditions as the strain is elastic for a majority of the testing duration. In high temperature 
regimes, the Basquin equation can be used to determine the strain for required number of cycles. 
This is helpful in understanding the combined effect of creep and fatigue.  
On a microstructural level, fatigue life has three main stages (crack initiation, crack growth 
and final failure) as seen in figure 14:  
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Figure 14: Stages of fatigue [35]. 
 
In the initiation stage, stress concentrations, imperfections in the material and dislocation 
pile-ups play a major role [35]. In case of IN 718, new microstructures are created as a result of 
shearing of the 𝛾” particles during high temperature fatigue [33]. The slip and formation of slip 
bands can be seen in figure 15. The slip bands produce roughness in the material through the 
intrusions and extrusions which lead to the formation of embryonic cracks which nucleate and 
enlarge under continued cyclic stress. As the load cycles increase, the micro-cracks coalesce to 
create macro-cracks in the material. The propagation of the macro-crack leads to the final stage of 
the fatigue life i.e., failure of the material.  
 
Figure 15: Slip band formation and effect [33]. 
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Furthermore, fatigue crack growth can be graphically represented plotting increment in 
crack growth per cycle (da/dN) and stress intensity (ΔK) as seen in figure 16: 
 
Figure 16: Graphical representation of stages of fatigue crack growth [36]. 
 
In fatigue tests, the type of stress-strain behavior expected of the material can be 
determined by the initial state of the test sample. The sample can (i) cyclically harden, (ii) cyclically 
soften, (iii) remain cyclically stable i.e. maintain stress flow or (iv) show mixed behavior [32]. The 
cyclic stress-strain curve is represented by the following power law:  
σa=K(εp)n ,   (8) 
where σa is the stress amplitude, εp is the plastic strain amplitude, K is cyclic strength 
coefficient and n is the cyclic strain hardening exponent. 
The fatigue crack growth is crucial in understanding the failure in the AORA turbine as it 
operates at 72,000 RPM. The rate at which a crack can grow in the turbine is important in estimating 
the life of the component. The growth path IN 718 by fatigue can be seen in figure 17: 
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Figure 17: (a) Room temperature test: (a1) before fatigue cycling, (a2) after 103 cycles, (a3) after 
104 cycles and (b) 500 ºC test: (b1) before fatigue cycling, (b2) after 4x103 cycles, (b3) after 
8x103 cycles (the arrows in the figure indicate the sighting of a crack) [37]. 
 
Besides the mechanical properties of the alloy itself, external environmental factors can 
have a detrimental effect on the components life as well as performance. The oxide layer formation 
and foreign object damage are two major factors relevant to the AORA system. The effect of FOD 
will be discussed in the following section.  
 
2.3.4 Creep-fatigue 
Creep-fatigue is phenomenon observed in metals and alloys at high temperatures. 
In the case of fatigue tests, due the cyclic load, environmental conditions and high temperature 
hold times, an element of creep strain is also observed along with the fatigue. This interaction 
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between creep and fatigue is crucial in the AORA turbine and the failure of the turbine components. 
Although limited research is available on the creep-fatigue interaction for IN 718, there have been 
studies investigating the phenomenon. One such study [38] presented the simultaneous creep-
fatigue effect on a rim, bore and hub section of a turbine disc made of IN 718. The Kartik-Vikas test 
method was employed. The plastic strain due to reduced strain rate seen during low cycling 
contributes to time-dependent deformation such as creep. There are three modes in which a crack 
can grow when subjected to both fatigue and creep: competitive, additive, and interactive (Figure 
18).  
 
Figure 18: Crack growth cases [38]. 
 
When the creep-fatigue interaction is less pronounced, the transgranular fatigue cracks 
and intergranular creep cavitation damage happen separately and crack growth is known as 
competitive. When the fractional creep and fatigue damage sum to unity causing failure, the mode 
is additive. However, in the pure creep-fatigue interaction, there exists a narrow region where with 
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the development of creep damage, the transgranular crack becomes intergranular and this is the 
interaction mode causing the final failure [39].  
The tests in [38] were conducted at 650 ºC under fully reversed loading (R=-1) under initial 
strain control loading at 0.4%, 0.7% and 1.0% with superposition of 0.2% creep strain in load 
control. The fatigue life of these test samples were compared to low cycle fatigue (LCF) test at R=-
1 and total strain amplitudes of 0.4% and 1.0%. Both SEM and TEM were used to observe the 
crack growth in pure fatigue and creep-fatigue tests. The grain size for the samples ranged from 
10 μm to 25 μm. The elemental distribution indicated depletion of Ni and enrichment of Nb and C 
i.e Nb rich carbide content and δ phases decorated on the grain boundaries. In the pure fatigue 
tests, transgranular crack propagation was observed whereas in the creep-fatigue condition, the 
surface crack nucleation was transgranular but the propagation was intergranular and along the 
precavitated grain boundaries. The microstructural damage can be seen in Figure 19 and 20. The 
crack growth in this study is in agreement with the interactive mode definition in [39]. Fewer slip 
bands were observed in creep-fatigue samples which is consistent with the phenomenon of 
shearing of 𝛾” precipitates during cyclic deformation. The activity between slip bands is high in this 
condition as the dislocation loops formed do not contribute in the reverse direction of deformation. 
The study further studied the oxidized fractured surface and observed the pure fatigue caused 
predominant transgranular damage and creep-fatigue caused intergranular damage. The 
intergranular crack propagation is also affected by oxidation as the high dislocation activity can be 
a potential path for oxygen diffusion to reach grain boundaries. The sensitivity of IN 718 to oxides 
in creep-fatigue condition has also been confirmed by [40]. This will be further discussed in further 
sections.   
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Figure 19: SEM images of crack morphology in the rim region [38]. 
 
Figure 20: SEM images of crack morphology in the bore region [38]. 
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The study [38] also observed through endurance curves that the fatigue life for IN 718 in 
creep-fatigue condition was more than pure fatigue conditions (Figure 21). 
 
Figure 21: Endurance curves in terms of total strain range vs. cycles to failure of IN 718 AT 650 
ºC [38]. 
 
As discussed earlier, environmental factors need to be considered in the case of turbine 
operations and the following sections will discuss the effect of both foreign object damage (FOD) 
and erosion-corrosion. 
 
2.4 Foreign Object Damage 
Foreign object damage (FOD)/erosion is defined as the damage/wear of a material caused 
by impingement of debris/substances external to the material. FOD is a common phenomenon 
observed in engines as there are several internal and external loose particles that can damage the 
components of the engines. The air intake into turbines can carry external particles such as sand 
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for aircrafts, helicopter or tanks operating in desert regions. The internal particles can include 
insulation material being carried by the fuel or air circulated in the system. The AORA system in 
the hybrid mode is susceptible to internal particle damage from the ceramic insulation carried in 
the upstream of the turbine, a part of the solar component.  Figure 22 shows FOD on a compressor 
blade in a turbine by large and small particles from within the engine.   
Figure 22: Compressor blades damaged by (a) broken vanes of stator and (b) the blade deflected 
by smaller objects [41]. 
 
Ductile material erosion is dependent on several aspects of the incident debris as listed 
below [42]: 
1. Angle of impingement 
2. Particle rotation at impingement  
3. Particle velocity at impingement  
4. Particle size 
5. Surface properties  
6. Shape of the surface 
7. Stress level in the surface  
8. Particle shape and strength  
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9. Particle concentration in the fluid stream.   
As per the study by Sundararajan and Roy [43], there is a different dependence of FOD on 
the above mentioned factors at room and elevated temperature. At room temperature, impact 
velocity is considered as one of the most important factors. The erosion rate of base material (E), 
expressed as the ratio of weight loss due to erosion to the weight of the impacting erodent, is 
related to the impact velocity (V) as: 
E = EOVp  (9); 
where Eo is a constant and p is the velocity exponent. The value of p is considered as 2.4 
for impact at oblique angles [44]. In contrast, the value of p for ceramic erodents is reported as 3 
[43]. The velocity exponent is also a function of erodent size and shape. The angle of impingement 
is another factor that is of great importance for FOD analysis. Ductile materials have been observed 
to have maximum damage at angles between 150 and 300. The relation between erosion rate and 
angle of impingement or impact angle can be seen in Figure 23 
 
Figure 23: Dependence of erosion rate on impact angle [43]. 
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The erodent size increase, limited within 50 to 100 μm, leads to an increase in erosion rate 
[45]. The dependence of erosion rate and size of erodents can be seen in Figure 24.  
 
Figure 24: Dependence of erosion on erodent size [43]. 
 
The shape of the erodent also has an effect on the erosion behavior. An increase in the 
angularity of the erodents can result in an increase in erosion rate and a shift to the ductile response 
to erosion rate-impact angle is observed. These observations are seen in Figure 25.  
 29   
 
 
Figure 25: Dependence of erosion rate on particle shape [43]. 
 
The effect of these factors is difficult to establish at elevated temperatures as erosion-
corrosion is observed as opposed to pure erosion/FOD. The erosion-corrosion mechanisms and 
behaviour will be discussed later in the next section.  
FOD also has a detrimental effect on fatigue life of materials. With the varying types of 
stresses in a microturbine, components are subjected to both high-cycle fatigue (HCF) and low-
cycle fatigue (LCF) [46]. Considering this, three main factors of the mechanics of FOD need to be 
taken into account: 
(a) Stress concentration by the FOD-induced impact sites: Local stress changes in the 
vicinity of the site of impingement lead to stress raising indents that deteriorate the 
fatigue life. 
(b) Residual stresses induced by the FOD impact: FOD creates residual stresses resulting 
from plastic deformation at the indentation site. These residual stresses can increase 
or decrease the stresses at a fatigue crack initiation site.  
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(c) FOD-induced micro-cracking and micro-structural distortion: The presence of micro-
cracks (observed at the rim of an indent) provides a potent site for fatigue cracks to 
nucleate under high-cycle fatigue loading. 
Fatigue crack initiation sites can be mathematically predicted with respect to the 
indentation/impingement site. In figure 26, the sites A, B and C (for Ti– 6Al– 4V) represent the 
most likely regions for fatigue crack initiation [46]: 
 
Figure 26: Crack fatigue sites (A, B, C) [31]. 
The study described in [46] investigated stresses and fatigue behavior around a 
moderately shallow indent and its relation to several indent factors. The loading parameters used 
can be expressed mathematically as: 
 (10) 
 (11) 
where L is a dimensionless load factor (0.006< L<0.4), P is load, w is contact diameter 
after unloading, D is indenter diameter and σy is the tensile yield stress. The study observed that 
the crack nucleated at the FOD site and propagated in the plane normal to the applied stress 
direction.    
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Based on information provided by AORA about their system, the FOD they observe is a 
result of ceramic particles carried by heated air impinging on the IN 718 components at high 
velocities. The speed and impinging material used to imitate FOD in this study has been determined 
from the AORA system and will be discussed in later chapters.  
 
2.5 Erosion-corrosion  
Erosion-corrosion (E-C) is the simultaneous or synergetic interaction between solid particle 
erosion and corrosion. The E-C synergy is observed in slurry, cavitation, liquid erosion and gas-
borne particle erosion [46]. In the AORA turbine, the gas-borne rather air-borne is most relevant. 
The E-C can be of different types which are broadly categorized into the following:  
1. Pure erosion 
2. Pure corrosion 
3. Erosion enhanced corrosion 
4. Corrosion enhanced erosion 
In case of pure erosion and pure corrosion, the corrosion and erosion rate are negligible, 
respectively. Studies [46] and [47] have additional subdivisions in  the above mentioned categories. 
A simplified classification and the effects on the metal and oxide layer can be seen in Figure 27.  
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Figure 27: Classifications of erosion-corrosion [47]. 
 
At a temperature of 1050 ºC, there is an oxide layer formed thereby in the above figure the 
erosion of the alloy only can be eliminated. In case of erosion enhanced corrosion, the three 
regimes refer to the situation where the oxide layer is eroded and the base (alloy) recession is 
increased due to the erodent [47]. In case of oxidation affected erosion, the erosion rate is more 
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than corrosion rate and therefore both the oxide layer and base are affected causing the formation 
of a composite of the erodent and oxide in the base. The occurrence of any of the above regimes 
is dependent on several factors like particle size, particle velocity, temperature, gas composition 
and alloy. Although these factors are dependent on the alloy, test conditions and erodents, [48] 
shows the regime transition using relations between particle velocity and temperature and, wear 
rate and temperature (Figures 28 and 29, respectively). 
 
 
Figure 28: Impact velocity of erodents vs. Temperature [48] 
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Figure 29: Wear rate vs. Temperature [48]. 
 
Although there are several studies proposing the relation between the above factors, the 
relation is believed to vary based on the test conditions and base alloy. Limited research is available 
on the erosion-corrosion behaviour of IN 718 at elevated temperature but, the studies on other Ni 
superalloys can be used to understand the erosion-corrosion mechanism possibilities.  
The study conducted by Norling and Nylund [47] provides an insight into the erosion-
corrosion behavior of a Ni superalloy, Inconel 625 (IN 625) maintained at different temperatures 
(20, 350, 550 and 700 0C) for 168 hours. The samples were eroded at 300 with alumina at 1.2 m/s 
velocity in air. The study reported their results in terms wastage rate (mm/1000hr) and AES depth 
profiles. A drastic increase in wastage rate was observed with an increase in temperature from 550 
to 700 0C. The increase was by a factor of 13. At 350 and 550 0C, the AES depth profile indicated 
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a penetration of alumina particles incorporated in the oxides forming a composite. The pure 
corrosion surface of IN 625 was covered with a layer of almost pure Ni-oxide and an outer layer of 
Cr-oxide. At 700 0C, in eroded regions alumina particles were over a layer of Ni and Cr oxides and 
in non-eroded regions only a layer of pure alumina was found. The average erosion-corrosion 
surface layer thickness measured by AES depth profiling at 20, 350, 550 and 700 0C was 1, 1.4, .9 
and 0.7 μm, respectively. The pure oxidation layer thickness at 350, 550 and 700 ºC was 0.019, 
0.17 and 0.3 μm, respectively. Using these AES results, the study concluded the erosion-corrosion 
regimes according to classification by [2], mentioned earlier in this section. The alloy at room 
temperature followed erosion of the alloy only, at 350ºC transitioned to oxidation-affected erosion. 
The increased thickness of the eroded scale at 550 and 700 ºC as compared to pure oxidation 
indicates the erosion-enhanced corrosion type II. Additionally, a study of the oxide layer indicated 
degradation of the alloy by spalling of the protruding oxide flakes due to the growth of oxide nodules 
that may arise from the cracks induced by the erosion process. Also, the alumina particles 
incorporated in the oxide layers decreases with the increase in temperature.  
The possible erosion-corrosion regimes of IN 718 will be discussed in later chapters. 
Before discussing the results, the next chapter will provide an insight into the experimental 
procedures of this study.   
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CHAPTER 3 
OBJECTIVE 
IN 718, as mentioned in the prior chapters, is a superalloy that has a recommended upper 
limit operation at 704 ºC. However, AORA’s system exposed the IN 718 components to 
temperatures as high as 1050 ºC, thereby initiating the need for researching the material’s 
performance at elevated temperature. Besides the high temperature, FOD is observed to occur 
during operation at elevated temperatures, hence this is an aspect that needs detailed examination. 
In particular, the observations during inspections and maintenance of the AORA turbines suggest 
that FOD and high temperature can combine to produce significant damage and the underlying 
hypothesis of this study is that the observed damage is the result of fatigue enhanced by FOD and 
reduction in mechanical properties produced at elevated temperatures. In order to examine the 
validity of this hypothesis, the following objectives had to be achieved:  
a) Develop relevant heat treatment conditions for IN 718 samples and study the resulting 
microstructural changes.  
b) Study the tensile behavior of as-received and heat treated IN 718 dogbone samples at 
room temperature and elevated temperatures (1050 ºC).  
c) Examine the effect of FOD on mechanical properties of heat treated-ablated-heat 
treated samples.  
d) Design fatigue experiments for heat treated non-abraded and abraded samples at 
elevated temperatures (1050 ºC). 
e) Analyze the surface of failed fatigue sample to understand material behavior under 
high temperature. 
The results of these tests can prove beneficial in not only enhancing the performance of 
AORA’s system, but as research of IN 718 is rare for temperatures above 950 ºC, it can help 
understand the mechanical properties of this and similar alloys when used above their 
recommended temperature limits.  
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CHAPTER 4 
EXPERIMENTAL PROCEDURE 
4.1 Sample fabrication  
A sheet (10inx10inx0.25in) of Inconel 718 by Michlin Metals Inc. was used for the samples 
in this study. The composition of the hot-rolled and annealed (982.2 ºC, hold time: 20 minutes) 
sheet is shown in Table 4, as provided by the manufacturer.  
Element % 
Ni 53.46 
Fe 17.65 
Cr 18.46 
Ta 0.003 
Ti 0.94 
Mo 0.29 
Al 0.56 
C 0.03 
B 0.001 
Mn 0.08 
Si 0.06 
Cu 0.19 
C 0.03 
Co 0.33 
Nb 5.19 
P 0.008 
S 0.002 
Table 4: IN 718 composition. 
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The tensile strength of the alloy was provided as 126 Ksi and the hardness HRB as 90.  
The sheet procured was used to fabricate three types of samples: metallographic, tensile and 
fatigue samples. The metallographic samples were of dimensions 1cmx1cmx0.5cm. The tensile 
(figure 30) and fatigue samples (figure 31) were dogbone shaped but had different geometries. The 
tensile samples had a long uniform gauge length whereas the fatigue samples were designed with 
a shorter uniform gauge length and a gradual increase in area (hourglass geometry). The fatigue 
sample design was based on a prior study [49] observation of longer fatigue life and failure away 
from the heating zone for high temperature tests. The new geometry allowed the concentration of 
stress over a shorter gage length that was in the 1050 0C region within the heating element. 
 
Figure 30: Tensile sample design. 
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Figure 31: Fatigue sample design 
 
For microstructural analysis and mechanical tests, the sample needed to be prepared 
appropriately. The surface preparation followed for the study will be discussed in the next section. 
 
4.2 Sample preparation 
Sample preparation is an important step for understanding metallurgical and mechanical 
properties. In this study, surface preparation plays a crucial role and is achieved through 
mechanical grinding and polishing. There were two types of samples used, ground and polished 
for this study as seen below: 
a) Metallographic sample: These IN 718 samples were ground on a grinding wheel and 
grinding donut using SiC papers with grit size 240, 600, 800 and 1200. Each step was 
repeated until the scratches due to the grinding were in one direction and the surface was 
free of scratches. Then, the surface was further polished in a semi-automated polisher 
(MiniMet from Buehler) using Allied HighTech Chempol cloth pad with a mixture of 1μm, 
0.25μm and then 0.05 μm diamond paste and, 0.05 μm colloidal silica. The sample was 
mounted on a sample holder and for each step, speed was maintained at 10 and a force 
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of 5N was applied. A 5:1 (by volume) mixture of colloidal silica and 30% hydrogen peroxide 
was used instead of 0.05 μm diamond paste and colloidal silica mixture, since the 
enhanced chemo-mechanical polishing of the colloidal-peroxide suspension was better to 
reduce polishing damage. This produced better results for characterization techniques that 
are surface sensitive, such as Electron Backscattering Diffraction (EBSD). Post-grinding, 
the samples were cleaned in a sonicator with acetone, ethanol and then isopropanol, to 
remove any traces of polishing suspensions and other surface contaminants. 
b) Fatigue samples: These IN 718 samples were too large for grinding via conventional 
methods. Hence, the grinding was achieved for a length of 1.25 inches using a tabletop 
Sherline Model 5100 CNC end mill (Figure 32).  
 
Figure 32: CNC mill. 
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The sample was placed between the horizontal wedges (X-axis), tightened and then using 
a dial gauge the flatness of the sample was ensured. A spring loaded tool with a 25.4 mm diameter 
stub was attached to the Z-axis (vertical) arm, perpendicular to the sample surface. The centre of 
the tool was aligned with the centre of the sample in the X-axis and an offset 0.02 inches was set 
on the Y-axis. The offset was introduced to compensate for the size of stub selected. The grinding 
steps were repeated for ~50 passes with change of grinding paper when its roughness of was lost. 
The spring loaded tool was 4.75 deep and the speed of rotation was maintained at 25% of the slow 
speed range. Additional passes were done in case of scratches or irregularity in the surface. The 
length of 1.25 inches at the centre of the sample (0.625 inches on each side of the centre point) 
was selected as it was the maximum length that could be ground without changing the hourglass 
geometry, to expose at high temperature in the heating element. The samples were ground with 
coarse SiC paper grit size 60, 240 and then the surface was further smoothed by 600, 800 and 
1200 grit SiC paper. The grinding was performed equally on all four sides to ensure equal surface 
preparation. The samples before and after surface preparation are seen in figure 33.  
 
Figure 33: Unground heat treated sample (top); ground sample (bottom). 
 
4.3 Microstructural characterization 
The microstructural characterization was performed for heat treated and as-received 
samples. The characterization was done using Scanning Electron Microscopy (SEM) along with 
Energy Dispersive Spectroscopy (EDS) and EBSD. The EDS works on the principle of capturing 
X-ray photons that are released when an electron beam is bombarded on the sample. Electrons 
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within the sample change orbitals thereby emitting X-ray photons with energy characteristic to the 
material as the energy released is quantized [50]. This analysis provides the chemical composition 
of samples The EBSD works on the principle of electron scattering; however, the signal is from 
backscattered electrons resulting from electrons that satisfy Bragg’s condition for specific 
crystallographic planes at the point where the beam interacts with the sample. These electrons 
form shallow cones at both sides of the crystallographic plane and the projection of these cones on 
a flat detector can be seen as bands that can be used to find the full crystallographic orientation of 
the sample where the beam is.  Information such as microstructure mapping, lattice rotations as 
well as local and global crystallographic information can be obtained from this technique [49]. In 
this study, EBSD was used to study the potential presence of crystallographic texture in the sample 
and to compare grain sizes before and after heat treatment.    
A Tescan Vega II Scanning Electron Microscope was used for both EDS and EBSD 
analysis. The microscope operates at 20kV voltage and a beam size of 1 µm was used, along with 
a step size of 2.5 µm when maps were collected, e.g., for EBSD, during analysis. The EDAX 
Genesys software was used to collect and analyze EDS data, while the EDAX OIM data collection 
and analysis software suite was used for EBSD. The results obtained from these procedures will 
be discussed in the next chapter.  
 
4.4 Vickers Hardness  
The Vickers harness test is useful and convenient technique to estimate the hardness of a 
material. In this study, the hardness test was performed on a Leco M-400-H2 micro-indentation 
tester with a four-sided pyramid diamond indenter. The indentation was made for 15 seconds and 
the indent was measured using the microscope and micrometer attached to the equipment. The 
test was conducted on a non-heat treated and a heat treated sample. The results of the hardness 
test will be discussed in the next chapter.  
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4.5 High temperature setup 
Since temperatures as high as 1050 0C were needed for the experiments, a special setup 
to heat the samples was made using a heating element. The heating elements used for the 
experiments were 2 semi-circular Thermcraft heating elements (model RH 212) with 4 inches of 
thermal insulation, attached together with a metallic clamp. The 2 halves were connected 
electrically in parallel in a plug which was then connected to a variable autotransformer. Each half 
was rated for 57.5 V, 200 W and could achieve a maximum temperature of 1204 0C. The sample 
was placed at the centre of the circular setup as seen in figure 34. This entire setup was placed in 
the Instron 1331 servohydraulic load frame, with the heating element supported on a Unistrut shelf 
and sample ends gripped by the servohydraulic wedges available in the load frame as seen in 
figure 35. A voltage of 48-52V was provided using the variable autotransformer to attain and 
maintain a temperature of 1050 0C. The temperature in the heating element was measured at the 
centre (2 inches deep) using a K-type thermocouple.  
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Figure 34: Sample placed in the heating element 
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Figure 35: Testing setup 
 
The wedges clamping the sample were water-cooled, so the temperature of the wedges 
themselves had to be kept below 100 ºC. The use of additional thermal insulation at the top and 
bottom of the heating element helped to achieve this, particularly for the top, since the flow of the 
hot air was perturbed resulting from the chimney effect. The temperature of the water cooling 
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system was also monitored using K-type thermocouples to assure it was below the boiling point of 
water. In addition to the thermocouples, a non-contact infrared thermometer was used to monitor 
the temperature of the wedges and the sample.  
 
4.6 Tensile tests 
Tensile tests were performed to get baseline mechanical properties and behavior of the 
sample at both room and high temperatures, which were also used to estimate appropriate 
parameters for fatigue testing. Four samples with a combination of as-received and heat treated at 
room temperature and 1050 ºC. The strain rates (ranging from 0.01 in/min to 0.1 in/min) were 
decided based on ASTM standards [51] and experimental data which will be discussed in the next 
chapter. The tests were performed in displacement control; however, for the high temperature tests, 
the sample was heated to 1050 ºC under load control to account for the thermal expansion and 
then switched to displacement control for the tensile test. The stress-strain plots from these tensile 
tests were used in determining stress levels for the fatigue.  
The initial high temperature test indicated noise in the recorded data (load) either due to 
the autotransformer or the heating element. The noise was eliminated for the following tests by 
varying the proximity of the autotransformer to the load frame and heating element. The tests were 
then performed with an acceptable amount of noise (~12.5 N, 0.9% of the maximum load).  
 
4.7 Fatigue tests 
Fatigue tests under high temperature for samples with and without FOD were crucial to 
this study. All non-ablated sample fatigue tests were performed on heat treated, ground and 
polished samples. The samples with ablation were heat treated, ground, polished, ablated and heat 
treated again, to compensate for the erosion at high temperature and account for ductility of the 
material in the AORA turbine. In the AORA turbine, the high temperature operation leads to 
metallurgical changes in the alloy. As the FOD experiment could not be performed at high 
temperature, the heat treatment before ablation was to account for the metallurgical changes 
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experienced by the alloy under operation conditions. The heat treatment after ablation was to 
simulate the fact that intermittent ablation in the turbine implies that the metallurgical changes due 
to impact are likely annealed during operation, e.g., reduction of the residual stress produced by 
plastic deformation near the impact zone. During the test, ~100 mm of the sample’s gage length 
were at high temperature, but an experimental measurement of the heating element’s thermal 
profile indicated only that 5 mm of the sample were effectively at the desired temperature. 
The fatigue test parameters were designed using the stress from the previously mentioned 
tensile test (Sample 4) for the first fatigue test. The value for modulus of elasticity (E) was obtained 
from the tensile test linear region using curve fitting. These values and their derivation will be 
discussed in the next chapter.  
Using the calculated values, the first sample was tested in tension-tension condition and 
the mean tensile stress produced a creep strain that elongated the sample leading the damaged 
zone away from the region of maximum temperature. The test was stopped before the sample 
failed. In order to avoid this creep strain, the subsequent tests were conducted in tension-
compression conditions. Using the data for stress, number of cycles and load ratio R as 0.1, the 
stress parameters for the second test were determined. Firstly, the Goodman relation [34] was 
used with the maximum, minimum stress and ultimate stress, based on the first fatigue test;  
Sa/Sf + Sm/Su=1  (12) 
where Sa is the alternating stress i.e, (Smax-Smin)/2, Sf is the effective alternating stress at 
failure for lifetime of N cycles, Sm is the mean stress i.e., (Smax+Smin)/2 and Su is the ultimate stress 
(35 MPa). After obtaining a value for Sf as 20.83 MPa, the Basquin equation [34];  
Sa=A (N)b  (13) 
was used in comparison with values of stress (750 MPa) and cycles (105 cycles) from [36]. 
The stress value from these calculations were obtained as 34.31 MPa.  
Further calculations of stress and buckling were done to change the fatigue regime from 
tension-tension to tension-compression. The buckling for the sample was calculated using Euler 
buckling formula [34]: 
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Fcr=(nπ2EI)/L2    (14) 
where Fcr is the critical load, n is the factor accounting for end conditions, E is elastic 
modulus, I is the moment of inertia and L is the length. The loads were maintained below the 
calculated critical load (1353.5 N) and these will be discussed further in the results. Once the 
sample was ground manually with SiC 600 and 1200 grit papers, the sample was retested with the 
new stress and in tension-compression (R=-1).   
 
4.8 Foreign Object Damage 
In the AORA system, the debris from ceramic components were accounted in this study by 
subjecting the test samples to FOD using a setup designed, built and tested in an earlier study [49]. 
The setup can be seen in figure 36. Based on the tests in [49] the particles to be used for the FOD 
experiments were decided along with the weight and pressure of impact. About 5g of 50 μm alumina 
particles were used as the abrasive and impacted at the centre of the dogbone sample at 23 
degrees with a speed of ~200 m/s. The angle was decided based on literature [43], supporting 
maximum erosion damage at 23 degrees for ductile materials. The distance between the sample 
and gas gun exit was maintained at 10 mm. The procedure for conducting the FOD experiment 
was the same as that described in [49] and briefly outlined here for completeness: 
a) The sample was placed at 23 degrees in the containment box on Unitstrut supports 
and secured in place with clamps. The nozzle of the gas gun was positioned 10 mm 
away from the centre of the sample. The containment box was closed and covered to 
avoid the dispersal of particles while ablating.  
b) The erodent was then added in the reservoir and a Mylar membrane in a VCR fitting 
was added at the open end of the reservoir. The connection between the reservoir and 
accumulator was fastened. 
c) The pressure of the Nitrogen gas was then set to 120 psi and the solenoid valve was 
switched on to release the compressed gas from an accumulator. This gas propelled 
the particles that ablated the sample. 
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d) After ablation, the solenoid was switched off and the containment box was opened 
after a few minutes allowing the particles inside to settle. 
 
Figure 36: Gas gun setup 
 
The results of all the tests described here will be discussed in the following chapter. 
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CHAPTER 5 
RESULTS AND DISCUSSION 
5.1 Microstructural analysis 
Microstructural analysis using EDS and EBSD were integral to understanding the behavior 
of the alloy before and after heat treatment. The metallurgical samples were used for EBSD and 
EDS analysis.  
The EBSD analysis was used to quantify the grain morphology and size. The average grain 
sizes before and after heat treatment were recorded as 36 μm (standard deviation: 20) and 55 μm 
(standard deviation: 26), respectively. This indicates the partial dissolution of precipitates during 
heat treatment [15]. As the temperature of the heat treatment (1050 ºC) is above the δ solvus, the 
precipitates dissolve and the grain size increases, as there should be less particles pinning the 
grain boundaries. The change in the microstructure can be seen in the grain maps shown in Figure 
37. The wide grain distribution indicates the possibility for fatigue damage corresponding to larger 
grains and creep damage corresponding to smaller grains [52]. 
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Figure 37: Microstructure of IN 718 from EBSD. (a) Inverse pole figure (before heat 
treatment), (b) Grain size distribution (before heat treatment), (c) Inverse pole figure (after heat 
treatment) and (d) Grain size distribution (after heat treatment). 
 
Using the EDS, we are able to ascertain the composition of the sample surface before and 
after ablation. This analysis provided an understanding of the amount of erodent left behind on the 
ablated sample. These results can be seen in Figures 38 and 39. 
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Figure 38: EDS spectrum for as-received condition sample. 
 
Figure 39: EDS spectrum for ablated sample.  
 
The spectrum for the non-ablated sample indicates the presence of Ni and Cr in high 
amounts, which are representative of the bulk composition of the alloy, whereas the spectrum for 
ablated sample has a much higher peak of Al indicating the presence of the erodent (Alumina) on 
the sample region that underwent ablation. This is likely to change the oxidation behavior at the 
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ablated area and potentially lead to metallurgical changes as temperature increases. The effect of 
this ablation on the fatigue properties will be discussed after the tensile test results.  
 
5.2 Vickers Hardness 
The change in surface properties due to heat treatment at 1050 ºC in air for 8 hours was 
evaluated using Vickers hardness tests at 500grs. The results for non-heat treated and heat treated 
(then grinded and polished) samples can be seen in Figure 40 and Figure 41, respectively;  
 
Figure 40: Hardness for as-received sample. 
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Figure 41: Hardness for heat treated sample. 
 
The Vickers hardness tests indicate an increase of 65% in the hardness after heat 
treatment, at 500 grs. Despite the fact that the grain size increases with the heat treatment, which 
is well-known to reduce mechanical properties, it is also likely that the heat treatment increased the 
size and number of the precipitates, which would tend to increase the hardness through 
precipitation hardening and compensate for the increase in grain size. It is well known that this 
occurs for carbides in Ni-based superalloys [53]. Precipitation hardening also leads to an increase 
in the yield strength of the material as will be discussed in the next section.   
 
5.3 Tensile tests 
The tensile tests were performed on 4 samples and the nomenclature and test conditions 
of each specimen were as follows: as-received at room temperature, heat treated at room 
temperature, as-received at high temperature (1050 ºC) and heat treated at high temperature (1050 
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ºC). Sample 1 was tested in an as-received condition at high temperature using a strain rate of 
0.01 /min as per the ASTM standards [35]. The strain rate was estimated considering a gage length 
as 50.8 mm i.e., length of heating element; however, please note that there is uncertainty in this 
value as the temperature may not be 1050 ºC throughout this gage length. The test lasted for 
approximately 2 hours, which is much longer than expected. As the data acquisition was noisy on 
the load reading, the required information could not be retrieved from the data points, e.g., yield 
point. Sample 2 was an as-received sample tested at room temperature with a strain rate 0.003 
/min for a gage length of 135 mm. The displacement rate was increased to reduce the test duration 
to more reasonable values. However, this test too lasted approximately 2 hours and the 
displacement rate for the next test was altered accordingly. Sample 3 was a heat treated sample 
tested at high temperature at a strain rate of 0.018 /min and this test yielded the expected results. 
After resolving the initial noise issue in the high temperature tests, Sample 4, a heat treated sample 
was tested at high temperature at 0.1 /min. The test lasted 20 minutes and the data was obtained 
with minimal noise. Each of the test details are summarized in Table 5 and the engineering stress-
strain curves are shown in Figure 42.  
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Sample Sample 
condition 
Test 
condition 
Strain 
rate 
(/min) 
% 
Elongation 
Yield 
Strength 
(MPa) 
Tensile 
strength 
(MPa) 
Fracture 
Strength 
(MPa) 
1 As-
received 
1050 0.01 12.1 - 46 3 
2 As-
received 
Room 
temperature 
0.003 25.9 525 860 720 
3 Heat 
treated 
Room 
temperature 
0.018 20.8 880 1125 970 
4 Heat 
treated 
1050 0.1 19.2 - 78 0 
Table 5: Tensile test results for IN 718. 
 
 
Figure 42: Stress versus strain of all tensile test 
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The appearance of the fractured samples can be seen in Figure 43.  
:  
Figure 43: Tensile tested samples: Top to bottom: Sample 1 (As-received, room temperature), 
Sample 2 (Heat treated, Room temperature), Sample 3 (As-received, 1050 ºC) and Sample 4 
(Heat treated, 1050 ºC). 
 
The plots for high temperature tests, Sample 1 and Sample 4, indicated a peak and then a 
gradual load reduction and then final failure as seen in Figure 44. The peak indicates a stress 
relaxation in the sample. This observation is similar to [18] and [27] where the study observed a 
similar behavior of plastic strain formation in the samples.  
 
Figure 44: Stress vs strain for high temperature tests. 
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The visco-plastic behavior seen in the elastic response of the samples tested under high 
temperature is indicative of the reason for the extreme necking of the samples shown in figure 43. 
The presence of what is likely an instantaneous elastic response, followed by a period of rapid 
stress relaxation can be interpreted from the point of view of Maxwell’s model [53-54] wherein a 
spring and dashpot are connected in series. The ratio of the dashpot viscosity and the spring 
stiffness is defined as the relaxation time, which is related to exponential decay in the stress. For 
a constant strain rate, if the rise in strain is large within the relaxation time, the dashpot will have a 
slow response, which will correspond to elastic behavior. However; with time there is an increase 
in the total strain, as the test was performed at constant strain rate, that will initiate a response from 
the dashpot and lead to stress relaxation, and potentially to an eventual increase in stress, as can 
be seen in response of the as-received sample in Figure 44. This is followed by necking as the plot 
becomes horizontal, and the combination of necking and creep produces a decrease in load due 
to decrease in area thereby requiring lower loads for stress corresponding to the applied strain. 
These loads will gradually decrease further before the final failure. The complexity of non-linearity 
of the viscous response for the material used here can be resolved by using appropriate models 
and numerical solutions for differential equations to ascertain the material constants for creep and 
elastic behaviour. Besides this, there is a drop in tensile strength for as-received samples tested at 
1050 ºC as compared to room temperature tests by 95%. The drop in the tensile strength at 1050 
ºC as compared to room temperature for heat treated samples was 93%. This drop in tensile 
strength indicates the significant detrimental effect of temperature and is quite likely to result in 
early failure and shorter life for turbines operating at high temperature and speeds. Also, an 
increase in yield strength by 64% for heat treated samples was observed at room temperature and 
this could be a result of the precipitation hardening in the samples after heat treatment above the 
solvus temperature.  
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5.4 Fatigue tests 
The fatigue tests were conducted on 6 heat treated IN 718 samples at 1050 ºC. Sample 1 
was tested with a maximum stress of 35.025 MPa and R=0.1 (tension-tension). The initial test on 
this sample indicated that tension-tension loading produced a significant effect of creep with a mean 
elongation of 7.653 mm before it was stopped at 500002 cycles. Due to the effect of creep, the 
damage zone in the gage length of the sample was moving away from the uniform temperature 
region of the heating element causing the formation of new damaged zones with the increasing 
elongation, so that damage accumulation was not uniform, leading to artificially long fatigue lives. 
After the test was stopped, the sample was heat treated again to anneal the plastic/creep 
deformation introduced during the test and polished carefully for further testing. In order to reduce 
the effect of creep and ensure that the damaged region remained confined in the 1050 ºC region, 
the loading was changed from tension-tension to purely alternating or tension-compression (R=-1). 
Before deciding the load amplitude and to ensure the maximum value for the compression would 
not produce an instability, the buckling load for the sample was calculated using Euler’s buckling 
formula [34]. The large sample length and the reduction in stiffness due to high temperature 
contribute to the decrease in the threshold compression load for buckling; hence, the calculation 
was necessary.   
The second test on Sample 1 with the new conditions indicated that the mean elongation 
decreased significantly, which means that the part of the sample at high temperature remained 
within the uniform temperature region and accumulated damage much more uniformly and failed 
at 87943 cycles. The subsequent tests were therefore conducted with a tension-compression 
regime with R=-1. Using Basquin’s equation with the results of Sample 1 test, the stress for Sample 
2 was estimated at 38.53 MPa. The test program proceeded with 25%, 50%, 75% and then 100% 
of the load at 1 Hz for 250 cycles each, and then 100% load at 3 Hz, 6 Hz and 8 Hz for 1000 cycles 
each and finally 100% load at 10 Hz until failure. The gradual increase in the load and frequency 
was for two main reasons; first, to mimic the operation condition of the turbine, as the turbine starts 
at low speeds before it gradually increases to reach maximum, so loading increases gradually in 
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the actual application of interest here, and second, to avoid any damage due to buckling as there 
was uncertainty in the response of the sample in the new conditions. The second test lasted 390048 
cycles, with an elongation of 0.177 mm. The maximum stress experienced by the sample was 41.95 
MPa. The test on Sample 3 was performed with the test procedure of Sample 2, at a stress 
amplitude of 41.95 MPa.  
Sample 4, an ablated sample with a crater depth of 64 µm, was tested at a stress 41.95 
MPa (for area away from the ablation within the constant gage length) and lasted for 172980 cycles. 
The behaviour of the material during the test could not be estimated precisely as the displacement 
data based on the stroke sensor was noisy and the hysteresis loops were not distinguishable. In 
order to obtain distinguishable loops, the following test on Sample 5 was carried out with an 
extensometer added to the setup. The extensometer was connected between the actuator and the 
load frame. Sample 5 with a crater depth of 88 µm was tested at a stress amplitude of 41.95 MPa 
and lasted 253260 cycles. The test results provided information about the fatigue behaviour of IN 
718. Sample 6, an ablated sample with crater depth of 92 µm, was tested with an extensometer at 
41.95 MPa and lasted 284487 cycles. The setup with the extensometer yielded clean plots that 
were used to calculate total strain, mean strain and plastic strain within the test frequency. The 
calculation from the hysteresis loop of the fatigue test can be seen in figure 45: 
 
Figure 45: Steady cyclic stress-strain behaviour [34]. 
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In the figure: Total strain= Δε 
Plastic strain = Δεp 
Mean strain = (A+B)/2 
The hysteresis loops for test frequency of 10 HZ were used from the plots for Sample 5 
and Sample 6 seen in Figure 46: 
 
Figure 46: Stress-strain plots for fatigue tests. (a) Sample 5 and (b) Sample 6 
 
The loops seen in the plots represent the loading and unloading of the sample as it is 
cycled through the tension-compression fatigue regime. The steady state cyclic behaviour is 
obtained as about half of the fatigue life [34]. The area of the loops indicates the plastic work from 
a cycle which in other terms is the energy dissipated. Using these plots, the total strain, plastic 
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strain and mean strain were plotted for both samples as seen in figure 47 and 48. Strain ranges 
provide an insight into the forces driving microcracks and the ease with which they can grow [34]. 
Total strain is a combination of elastic and plastic strain which indicate after how many cycles the 
material exhibits plastic behaviour. The mean stress and strain on the other hand provide an idea 
of fatigue strength. As fatigue is a function of the stress concentrations, a combination of stress 
and plastic strain can be used to analyse fatigue failure. With plastic deformation in a material, in 
displacement control tests, mean strains result in mean strain that lead to relaxation in the material 
[34]. As seen in the plots, the plastic strain is lower than mean strain at the beginning. However, 
the plastic strain increases above the mean strain when plastic deformation and microcrack growth 
increases in the material. Following this, there is steady strain behaviour in the material with the 
increasing plasticity until failure.  
 
 
Figure 47: Strain-Time plot for Sample 5 with total strain, plastic strain and mean strain. 
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Figure 48: Strain-Time plot for Sample 6 with total strain, plastic strain and mean strain. 
 
In the total strain amplitude plots for both samples, there is a slight decrease in strain before 
stabilization. This decrease could have resulted from the strain hardening in the material due to the 
annealing. There is then softening and crack nucleation, the curve stabilizes and shows a steady 
behaviour. The plastic strain too for both samples show similar behaviour as to the total strain. The 
mean strain curves indicate the creep behaviour of the material. In Sample 5, the strain value 
decreases and then begins to increase and finally shows an upward steady curve. The initial 
decrease may be an indication of insufficient cracks to effect the stiffness of the sample. However, 
with increasing stress with time, there is accumulation of damage with the pores at grain boundaries 
which can lead to increase in the stress concentrations and then finally lead to a steady region of 
crack growth and plasticity until final failure. In Sample 6 mean strain plot, there is a different 
behaviour where there is a clear decrease, increase followed by another decrease and then a final 
steady increase. This irregular behaviour may be a result of early saturation and nucleation. As 
irreversibility in the sample increases, there is an increase in strain and then with accumulation of 
damage and several cracks which lead to a final failure. Based on the plot behaviour, indication of 
short multiple crack growth is suggested. Also, with a combination of fatigue and creep effect, crack 
nucleation could be slow due to formation of multiple cracks but the crack growth is suggested to 
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be quick from the steady plot regions. These observations are also supported by the macroscopic 
and fractography damage results which will be discussed after the summary for fatigue tests in 
Table 6.  
Sample Condition Stress 
amplitude 
(MPa) 
R (load 
ratio) 
Cycles to 
failure 
Displacement 
(mm) 
Crater 
depth (µm) 
1 Heat treated (test 
stopped) 
35. 02 0.1 500002 7.653 - 
2 Heat treated-Re-
tested 
38.53 -1 87943 1.77 - 
3 Heat treated 41.95 -1 
 
390048 0.177 - 
4 Heat treated 41.95 -1 
 
470289 0.146 - 
5 Heat treated-
ablated-heat 
treated 
41.95 -1 172980 0.092 68 
6 Heat treated-
ablated-heat 
treated 
41.95 -1 
 
253260 0.121 88 
7 Heat treated-
ablated-heat 
treated 
41.95 -1 
 
284487 0.094 92 
Table 6: Fatigue test results. 
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Based on the above summary, it is seen that non ablated samples had a longer fatigue life 
and exhibited more displacement as compared to the ablated samples. The effect of FOD on the 
fatigue life is clearly seen through the cycles to failure. The FOD is likely to create stress 
concentrations around the ablation crater, which then leads to failure in fewer cycles than non-
ablated samples. The macroscopic damage and fractography will be discussed in the next section.  
 
5.5 Macroscopic damage and Fractography 
The fatigue sample surfaces were investigated after failure to ascertain the effect of fatigue, 
temperature, FOD, environment and the microstructural changes caused by these factors in IN 
718. The samples were studied under the microscope to detect macroscopic damages on the 
sample surfaces. Figures 45 and 46 show the fracture regions of non-ablated and ablated samples, 
respectively.  
 
 
Figure 49: Fatal crack and secondary cracks (black) on non-ablated samples: (a) Sample 1, (b) 
Sample 2 and (c) Sample 3. 
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Figure 50: Fatal crack and secondary cracks (black) on ablated samples: (a) Sample 4, (b) 
Sample 2 and (c) Sample 3. 
 
In both, non-ablated and ablated samples, multisite damage is observed. The effect of high 
temperatures is evidenced in the presence of these fractured surfaces where chunks of the alloy 
detached from the fractured surface. This type of multisite fracture is consistent with the 
observations at AORA Solar, which strongly suggests that the FOD in the AORA turbine caused 
by small particles can be considered equivalent to the ablation performed in this study. In case of 
the ablated samples, the site of fracture with respect to the ablation site differed. The fatal crack in 
Sample 4 was observed away from the ablation and a large secondary crack at the edge of the 
ablation, in Sample 5 it was observed at the rim of the ablation and in Sample 6 it was at the centre 
of the ablation site. This suggests the role of the residual stress in and around the ablation can play 
a role during fatigue failure [56]. In Sample 4, the secondary crack may either be a result of residual 
stresses or due to an intrinsic material defect. The origin of these cracks is difficult to ascertain; 
however, there is a possibility that the secondary crack originated first and was arrested during the 
fully reversed load cycles [32]. In the AORA turbine and other high temperature application erosion-
corrosion phenomenon may also play a role on the fracture behavior of IN 718. A study by Norling 
and Nylund [46], observed that in Inconel 625 at 700 ºC there were layers of nickel and chromium 
oxide above the alumina erodents and the sample exhibited erosion enhanced corrosion. Hence, 
at high temperatures, there is a possibility of formation of layers either among or over the erodents. 
Another study by Stott [47] observed a rapid growth of oxide layer at higher temperatures (>600 
ºC). The study also mentioned that oxide layer formed due to erosion (erosion enhanced corrosion) 
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thickens with time and provides protection against wear by the deformation of the oxide layer. 
Based on these observations, for ablated components experiencing fatigue at 1050 ºC, there is a 
rapid growth of oxide layer that might protect the base alloy by the oxide layer formed. The 
understanding of the oxide layer formation and deformation could prove useful in high temperature 
applications.  
Besides the macroscopic study, fractography was done on the fracture surfaces to 
understand the microstructural and fatigue crack growth behaviour. The fractography for non-
ablated and ablated fatigue samples was performed using SEM as seen in Figures 47-52:   
 
 
Figure 51: Fracture surface of Sample 1 (Non-ablated, re-tested). 
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Figure 52: Fracture surface of Sample 2 (non-ablated). 
 
 
Figure 53: Fracture surface of Sample 3 (non-ablated). 
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Figure 54: Fracture surface of Sample 4 (ablated, crater depth 68 µm). 
 
Figure 55: Fracture surface of Sample 5 (ablated, crater depth 88 µm). 
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Figure 56: Fracture surface of Sample 6 (ablated, crater depth 92 µm). 
 
The fracture surfaces of all the samples had high surface roughness. This could be a result 
of high temperature and environmental conditions. The fractography images indicate several 
intergranular cracks. These are representative of the creep-fatigue interaction in the interactive 
mode (as seen in Figure 18), where there is initial transgranular growth due to fatigue and with the 
effect of creep there is intergranular growth. The presence of several cracks indicates the crack 
may have resulted from coalescing of several small cracks rather than growing from a single crack 
as seen in fatigue of most ductile materials, which is certainly consistent with the presence of 
multisite damage observed in all samples.  
The results of this study indicate that heat treatment leads to dissolution of precipitates 
thereby leading to an increase in grain size at high temperature and led to additional precipitation 
hardening upon cooling to room temperature. The effect of this hardening is suggested in the 65% 
hardness increase for a heat treated sample and also in the tensile tests with the increase in yield 
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strength of 64.44% for heat treated samples tested at room temperature. The heat treated samples 
indicate an increase in the tensile strength of 74% and 58% for testing at room temperature and 
1050 ºC, respectively. In the as-received and heat treated samples, the tensile strength for tests at 
room temperature are higher by 56% and 70%, respectively. The fatigue tests were tested at the 
1050 ºC and on comparing the non-ablated and ablated samples, a decrease in average fatigue 
life by 60% was observed in the ablated samples. This suggests the detrimental effect of ablation 
on fatigue life. Furthermore, on macroscopic examination of the fracture surfaces, multisite damage 
was observed in the samples. The ablated samples had varying sites of fracture in comparison to 
the ablation site which could be a result of the residual stress in the samples. The fractography of 
the samples revealed the intergranular crack growth representing the interactive mode of fatigue 
and creep.  
The conclusions drawn for this study from the aforementioned tests and the scope for 
further research will be discussed in the next chapter.  
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CHAPTER 6 
CONCLUSION AND FUTURE WORK 
 
This study was aimed at understanding the behavior of IN 718 at 1050 0C and evaluate the 
failure behavior under cyclic loading as affected by heat treatment, tension, and creep. The study 
first designed experiments resembling conditions as close as possible to those experienced by 
components in the turbine at AORA Solar. The tests for hardness, tension, fatigue, ablation and 
fractography lead to the following conclusions; 
(a) The microstructural analysis indicated an increase in average grain size as seen in the 
grain distribution through EBSD. The increase in size is due to the dissolution of 
precipitates heat treated above the solvus temperature. Chemical analysis using EDS 
showed clearly that the ablated regions retained a significant amount of ablation 
particles. This changes the chemical composition of the ablated surfaces and the 
change is likely to affect the development of oxide layers at high temperature under 
oxidizing atmospheres. 
(b) The hardness tests indicate an increase in Vickers hardness for heat treated samples 
by 65%. This increase in hardness suggests precipitation hardening which increases 
the yield strength by 64% as indicated from the tensile test results. 
(c) The tensile tests indicate a significant decrease in mechanical properties at 1050 0C 
as compared to room temperature behavior.  A reduction of 95% (for as-received 
condition) and 93% (for heat treated condition) in the tensile strength was noted in 
samples tested at 1050 0C as compared to room temperature. This is due to the effect 
of creep at high temperatures, which decreased the tensile strength as well as fracture 
strength. This indicates that such elevated temperatures have a significant detrimental 
effect on mechanical properties of the IN 718 alloy.   
(d) The fatigue tests for samples with ablation had a lower life (almost 60%) than the non-
ablated samples. Furthermore, the correlation between the fracture surface and its 
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proximity to the ablation site suggests the likely presence of residual stresses. In a 
turbine under operation, this may lead to uncertainty in the extent and site of failure.  
(e) The fatigue samples also present multisite damage. The samples with ablation show 
higher multisite damage as there are deeper secondary cracks and chunks of material 
were detached from the fracture surface. The reason for the severity in the multisite 
damage is the presence of residual stresses around the ablation sites. The detachment 
of material can be attributed to the environmental effects on the sample. These 
observations are consistent with the FOD observed in AORA’s turbine. 
(f) The fractography results indicate rough surfaces and intergranular crack growth for 
high temperature fatigue samples indicating the role of environment and presence of 
creep-fatigue interaction. The formation of intergranular cracks is due to the creep 
which leads to coalescing of the cracks.   
(g) In high temperature applications, such as AORA’s turbine, the IN 718 components 
should either be cooled to an acceptable temperature or be coated with thermal barrier 
coatings (TBC) to shield the turbine blades from high temperature damage.  
Based on these conclusions, further testing can be done to gain deeper understanding of 
the materials behavior at elevated temperature. The following are the potential changes that can 
be made to obtain more results; 
(a) Conducting FOD experiments at temperature with compact erodent pellets impacted 
at higher velocities.  
(b) Increased number of fatigue tests for ablated and non-ablated samples to find better 
correlations between fatigue life, FOD, failure locations and fatigue life variability.  
(c) Further understating of the erosion-corrosion phenomenon, which is likely to occur in 
high temperature turbines. Gravimetric analysis and EDS analysis can be used to 
estimate the oxide layer depth and type of erosion-corrosion mechanism.  
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